Aim: To elucidate the roles of receptor tyrosine kinases RET and VEGFR2 and the RAF/MEK/ERK signaling cascade in cancer treatment with sorafenib. Methods: The cell lines A549, HeLa, and HepG2 were tested. The enzyme activity was examined under cell-free conditions using 384-well microplate assays. Cell proliferation was evaluated using the Invitrogen Alarmar Blue assay. Gene expression was analyzed using the Invitrogen SYBR Green expression assays with a sequence detection system. Protein expression analysis was performed using Western blotting. Results: Sorafenib potently suppressed the activities of cRAF, VEGFR2, and RET with IC 50 values of 20.9, 4, and 0.4 nmol/L, respectively. Sorafenib inhibited cRAF, VEGFR2, and RET via non-ATP-competitive, ATP-competitive and mixed-type modes, respectively. In contrast, sorafenib exerted only moderate cytotoxic effects on the proliferation of the 3 cell lines. The IC 50 values for inhibition of A549, HeLa, and HepG2 cells were 8572, 4163, and 8338 nmol/L, respectively. In the 3 cell lines, sorafenib suppressed the cell proliferation mainly by blocking the MEK/ERK downstream pathway at the posttranscriptional level, which in turn regulated related gene expression via a feed-back mechanism. Conclusion: This study provides novel evidence that protein kinases RET and VEGFR2 play crucial roles in cancer treatment with sorafenib.
Introduction
Cancer, known medically as a malignant neoplasm, is responsible for a large number of deaths worldwide. The development of tumor chemotherapy led to the recent discovery of sorafenib (BAY 43-9006). Sorafenib, a multiple kinase inhibitor and novel oral bis-aryl urea compound that exhibits a strong anticancer effect, has been approved by the US Food and Drug Administration for the treatment of advanced renal cell carcinoma and hepatocellular carcinoma [1] [2] [3] [4] [5] . Many studies suggest that sorafenib could inhibit tumor growth by targeting protein kinases [6] [7] [8] [9] . In the past few years, accumulating evidence has indicated that protein kinases play critical roles in cancer development, as they are critical components of the cellular signal transduction cascades; accordingly, kinases have become the most important targets for drug development. The receptor tyrosine kinases VEGFR-2 and RET and the RAF serine/threonine kinases are the important targets of sorafenib in cancer treatment.
VEGFR-2 (Flk-1 in mice and KDR, kinase insert domain-containing receptor, in humans) is an important receptor tyrosine kinase that plays a critical role in tumor angiogenesis, which is an important process for the growth, progression, and metastasis of solid tumors [10] . VEGFR-2 can be activated by extracellular signals and then induce downstream signal transduction pathways to regulate cellular activities. In tumors, however, VEGFR-2 is usually found to be aberrantly expressed or constitutively phosphorylated. Thus, VEGFR-2 has become a central focus of molecularly targeted cancer therapy.
Another important protein kinase is the receptor tyrosine kinase RET. This kinase was often found to be abnormally activated in the thyroid, generally through sporadic and inherited gene mutations. Hence, it has been hypothesized that the oncogene RET and the RET receptor tyrosine kinase might contribute to the development of cancer [11, 12] . Indeed, the oncogenic activation of the RET gene is recognized as an early pathogenic event in cancers, and it subsequently induces downstream signaling events involving the MEK/ERK-, PI3K/AKT-, and phospholipase Cγ (PLCγ)-dependent pathways [13, 14] . The MEK/ERK pathway is also called the RAF/MEK/ERK serine/threonine kinase cascade, as its upstream molecules belong to the RAF kinase family of serine/threonine kinases [15] . As a critical messenger, RAF can direct the upstream signal to activate MEK1/2, which, in turn, activates ERK1/2 [16, 17] . Activated ERK1 or ERK2 then either phosphorylates its target proteins in the cytoplasm or translocates to the nucleus, where the main targets are transcription factors that regulate proliferation-, differentiation-or survival-related genes. Therefore, the RAF/MEK/ERK serine/threonine kinase cascade is a key pathway that is involved in the development of cancers and is considered a potential important target for sorafenib treatment [18] . However, the mechanism by which sorafenib inhibits tumor cells and how kinases respond to sorafenib treatment are largely unclear. Therefore, this study aims to elucidate the events at the biomolecular level in three cell lines (A549, HeLa, and HepG2) after sorafenib treatment. Because different cancers might be regulated by different mechanisms, we selected three cell lines that have different metastatic potential, and enzyme kinetic, cytology, RT-PCR and western blotting assays were conducted. Specifically, one serine/threonine kinase, cRAF, and two tyrosine kinases, VEGFR2 and RET, and their potential downstream MEK/ERK pathway targets were examined. An understanding of the molecular events in cancer cells treated with sorafenib not only is necessary to obtain a better insight into genotype-phenotype correlations but also is crucial for the discovery of new therapeutic approaches.
Materials and methods

Compounds
Sorafenib was produced by the Chemistry Department, Chinese Pharmaceutical University (Nanjing, China); staurosporine, PI-103, and mitomycin C were purchased from Sigma Aldrich, Germany.
Kinases cRAF (Y340D and Y341D) and VEGFR2 (KDR) were purchased from Invitrogen. RET was expressed in Sf9 cells using an Invitrogen baculovirus system and then purified by His/ GST affinity and Supdex35/75/200 chromatography. The recombinant proteins were then analyzed by SDS-PAGE, and the molecular weights were determined using LS-MS/MS, model API3000.
Activity assays
Using 384-well microplate assays, an enzyme titration, the ATP K m , a time course, and a positive-control IC 50 were employed to validate the kinases. The CRAFs were analyzed using the Invitrogen LanthaScreen Tb-activity assay with 0.01 nmol/L kinase, 200 nmol/L Fluorescein-MAP2K1, 50 mmol/L HEPES (pH 7.5), 10 mmol/L MgCl 2 and 0.01% Brij35 for 1 h at 23 °C; the reaction was terminated with 30 mmol/L EDTA and 2 nmol/L phospho-MAP2K1 antibody. Cisbio HTRF technology was employed to analyze the activity of optimized concentrations of RET and VEGFR2, with 50 mmol/L HEPES (pH 7.5), 10 mmol/L MgCl 2 , ATP K m , 0.01% Brij35, and 500 nmol/ L STK1 peptide for 1 h at 23 °C. For the IC 50 test, the sorafenib concentration was 10 μmol/L for 11 doses in duplicate, with 3-fold dilutions of ATP K m . For the MOA study, 6 ATP concentrations (1/3-, 1-, 3-, 9-, 27-, and 81-fold ATP K m ) were used at the same serial dilution as in the IC 50 test. The readouts were analyzed using the PerkinElmer Envision2104 reader in Htrf/FRET module. The Inh% was analyzed using Excel. The IC 50 Shift and the Lineweaver-Burk and double-reciprocal plots were drawn using Graphpad Prism 5.
Cell culture
The A549, HeLa and HepG2 cells were obtained from ATCC. A549 was cultured in F12, 10% FBS, and 2 mmol/L glutamine at 37 °C under 5% CO 2 ; the HeLa and HepG2 cells were cultured in DMEM-HG, 10% FBS, and 2 mmol/L glutamine.
Cell proliferation
The cells were detached using accutase (Millipore) and counted using trypan blue staining and a ViaCell (Beckman Coulter). The A549 (5×10 3 cells), HeLa (3×10 3 cells), and HepG2 (1×10 4 cells) cells were then plated in triplicate in 96-well microplate in the presence of sorafenib, mitomycin C, or vehicle (DMSO, 0.2%) for 0, 24, 48, and 72 h. The cell proliferation assay was evaluated using Invitrogen Alarmar Blue by adding 10 μL of the reagents after 96 h.
RT-PCR
The A549 (5×10 3 ), HeLa (3×10 3 ) and HepG2 (1×10 4 ) cells were plated in 30-mm dishes for 24, 48, and 72 h, and each cell line (5×10
5
) was also plated for 2, 4, and 8 h. Sorafenib at 5 μmol/L or 1 μmol/L or vehicle (DMSO, 0.2%) were applied for 2, 4, and 8 h as described above.
The RNA extraction, cDNA synthesis, and quantitative realtime PCR amplification were performed using the RNeasy kit (Qiagen) according to the manufacturer's instructions. For the cDNA synthesis, 200 ng of mRNA was used with the Omniscript RT kit (Qiagen), following the manufacturer's instructions, with oligo (dT)20 primers (Qiagen). A 1-µg sample of cDNA was used for each qPCR, which was performed in triplicate.
Primers for ERK (forward 5'-3', GCGCTACACCAAC-CTCTCGT; reverse 5'-3', CACGGTGCAGAACGTTAGCTG), VEGFR2 (forward 5'-3', CACCACTCAAACGCTGACAT-GTA; reverse 5'-3', GCTCGTTGGCGCACTCTT), RAF1 (forward 5'-3', GAACGACAGGACGTTGGG; reverse 5'-3', GCTGATCGTCTTCCAAGCTC), and RET (forward 5'-3', 1313 www.chinaphar.com Mao WF et al Acta Pharmacologica Sinica npg CTAGCCGCAGTCCCTCC; reverse 5'-3', AAGCATCCCTC-GAGAAGTAGA), were designed for the RT-PCR. GAPDH, ACTB, and B2M were used as the endogenous controls in all of the experimental analyses. Invitrogen Sybgreen expression assays and an ABI Prism 7900HT sequence detection system (Applied Biosystems, Foster City, CA, USA) were employed for the gene expression analyses with the ∆∆Ct method, which determines the fold change in gene expression relative to a comparator sample (control). The PCR primers were purchased from Shanghai Generay Biotech Company.
Effects of sorafenib on three cell lines at the transcriptional level
To demonstrate the effect of sorafenib on cells at the transcription level, the mRNA concentrations of four genes, RET, VEGFR2, cRAF and ERK, were detected using RT-PCR assays. Each cell line was treated with sorafenib at two concentrations, 1 and 5 μmol/L, and the cells were collected after 2, 4, and 8 h; cells without sorafenib treatment were used as the controls (0 h). The total mRNA was extracted and quantified for use in RT-PCR assays. The ratio of the target mRNA content in the treatment group to the controls was calculated.
Western blotting
After their respective treatments, the cells were lysed in lysis solution (Cell Signaling Technology, Danvers, MA, USA) supplemented with sodium fluoride (10 mol/L; Fisher) and phenylmethylsulfonyl fluoride (100 g/mL; Sigma-Aldrich). The lysates were centrifuged at 14 000×g for 30 min, and the supernatants were aspirated to determine the protein concentration using BCA reagents (Pierce, ThermoFisher, Rockford, IL, USA). Each 80 µg sample was fractionated in either 8% or 12% SDS-polyacrylamide gels, and the separated proteins were transferred to nitrocellulose. The blots were probed for the proteins of interest using primary antibodies followed by a secondary antibody-horseradish peroxidase conjugate. The Super Signal chemiluminescence substrate (Pierce) and the GE Image Quant analyzer were used for the detection.
The anti-ERK (total) and anti-RET (pY1062) antibodies were obtained from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Anti-Erk (pT202/pY204), anti-VEGFR2 (pY1214), anti-RET (pY1016), anti-MEK1 (pT292), and anti-MEK1 (p298) were obtained from Invitrogen. Anti-VEGFR2 (total), anti-VEGFR2 (pY1175), anti-RET (total), anti-RET (pY905), and anti-MEK (total) were purchased from Cell Signaling.
Effects of sorafenib on the three cell lines at the post-transcriptional level To investigate the effect of sorafenib on the post-transcriptional events in cells, the expression and phosphorylation level of the following four proteins were detected by western blot assays: VEGFR2, RET, MEK, and ERK. Each cell line was treated with two concentrations of sorafenib, 1 and 5 μmol/L, and the cells were then collected after 2, 4, and 8 h. Cells without sorafenib treatment were used as the controls (0 h). The total proteins were extracted and quantified in western blot assays.
Statistical analysis
All statistical analysis was taken under student t-test with SPSS 18.0. P<0.05 was considered statistically significant for two-side P-value test.
Results
Sorafenib inhibits the activity of kinases by different inhibition mechanisms under cell-free conditions The effect of sorafenib on enzyme activity was measured by assays one hour after the drug was applied. Sorafenib inhibited the activity of cRAF, with an IC 50 of 20.9 nmol/L and 0.4 nmol/L and 4 nmol/L for RET and VEGFR2, respectively. The data for cRAF agreed with the previous report of an IC 50 of 19 nmol/L. In contrast, the results for VEGFR2 and RET were quite different from the reported data of 90 nmol/L and 4 nmol/L, respectively (Figure 1 ). The double-reciprocal plot shows that the linear regression alignments converge on the Y axis ( Figure 2A, 2C ), indicating that sorafenib is an ATP-competitive compound for RET and KDR, a result that is consistent with wilhelm's [8] . However, this effect was not observed for cRAF ( Figure 2E) , and, when ATP was added, the IC 50 for cRAF was consistent with the different concentrations (1/3-, 1-, 3-, 9-, 27-, and 81-fold ATP K m ) ( Figure 2F ), which indicated that sorafenib inhibited cRAF activity through a non-ATPcompetitive mode. For KDR/VEGFR2, the IC 50 rose consistently with the increase in the ATP concentration ( Figure 2D ), suggesting that sorafenib inhibited the KDR/VEGFR2 activity through an ATP-competitive mechanism. For RET, the IC 50 improved with the increase in the ATP concentration in a nonhomogeneous manner ( Figure 2B ), which demonstrated that sorafenib inhibited the RET activity through a mixed-type inhibition. In summary, sorafenib targets the ATP-binding site of the kinases and inhibits their activities by different inhibition mechanisms under cell-free conditions. Sorafenib activates RET expression and inhibits VEGFR2 expression independent of the RAF/MEK/ERK pathway at the transcriptional level in A549 cells In the A549 cells, the expression of RET increased significantly at 2 h after treatment with 1 μmol/L sorafenib and then decreased, whereas the VEGFR2 expression notably decreased in every treatment group ( Figure 4A ). In contrast, the cRAF and ERK expression levels were not significantly affected, even though the cRAF expression showed a slight decrease at 5 μmol/L sorafenib. These results suggested that sorafenib could activate RET expression and inhibit VEGFR2 expression independent of the RAF/MEK/ERK pathway at the transcriptional level in A549 cells.
Sorafenib inhibits VEGFR2 expression but has no effect on the RAF/MEK/ERK pathway at the transcriptional level in HeLa cells The same assay as described above for the A549 cells was performed using HeLa cells. The results showed that sorafenib up-regulated the expression of RET; conversely, sorafenib significantly down-regulated the expression of VEGFR2 at the transcription level ( Figure 4B ). A similar result was found for the HeLa cells in that sorafenib showed no effect on cRAF and ERK expression. These results suggested that sorafenib could inhibit VEGFR2 expression but had no effect on the RAF/ MEK/ERK pathway at the transcriptional level in HeLa cells. Sorafenib inhibits RET expression dose-dependently and activates VEGFR2 expression dose-and time-dependently but has no effect on the RAF/MEK/ERK pathway at the transcriptional level in HepG2 cells The results for the HepG2 cell line showed that RET expression was dose-dependently down-regulated by sorafenib at the transcriptional level. The expression of VEGFR2 was initially up-regulated and then down-regulated with 1 μmol/L sorafenib, but it was persistently activated in a time-dependent manner at 5 μmol/L ( Figure 4C ). As in the other two cell lines, sorafenib showed no effect on cRAF and ERK expression. These results suggested that sorafenib dose-dependently inhibited RET expression and dose-and time-dependently activated VEGFR2 expression but had no effect on the RAF/ MEK/ERK pathway at the transcriptional level in HepG2 cells.
Sorafenib directly inhibits RET and VEGFR2 phosphorylation and blocks the downstream signaling of the MEK/ERK pathway at the post-transcriptional level in A549 cells
The results for the A549 cells indicated a significant dosedependent decrease of RET and VEGFR2 phosphorylation ( Figure 5A ) but showed a notable dose-dependent increase of RET and VEGFR2 expression. These findings suggest that sorafenib directly inhibited RET and VEGFR2 phosphorylation, altering the ratio of phosphorylated to unmodified proteins, which then led to an increase in RET and VEGFR2 expression. we found that sorafenib dose-dependently upregulated the expression and activated the phosphorylation of MEK and ERK ( Figure 5A ), which indicated that sorafenib might inhibit the downstream targets of the MEK/ERK pathway. The increase in the expression and phosphorylation of MEK and ERK can be explained by a feedback regulation mechanism. Therefore, we concluded that sorafenib acts by directly inhibiting the phosphorylation of RET and VEGFR2 and blocking the MEK/ERK downstream pathway at the post- Sorafenib targets the RET and VEGFR downstream molecules and blocks the MEK/ERK pathway by inhibiting ERK phos phorylation at the post-transcriptional level in HepG2 cells In the HepG2 cells treated with sorafenib, the expression of RET was little altered, but its phosphorylation level rose at 2 h after treatment and then decreased to a low level ( Figure 5C ). This result suggested that sorafenib might target the downstream molecule of RET, disrupting the balance of the related pathways. VEGFR2 phosphorylation significantly increased after sorafenib treatment, which also suggested that sorafenib might target the downstream molecule of VEGFR2 ( Figure 5C ). Regarding the MEK/ERK pathway, ERK phosphorylation was significantly inhibited by sorafenib, which led to a notable increase in the upstream MEK phosphorylation ( Figure 5C ), demonstrating that sorafenib blocked the MEK/ERK pathway by directly inhibiting ERK phosphorylation. Therefore, in the HepG2 cell line, sorafenib targeted the downstream molecules of RET and VEGFR2, while blocking the MEK/ERK pathway by inhibiting ERK phosphorylation at the post-transcriptional level.
Discussion
Receptor tyrosine kinases play major roles in the development of cancer and represent effective targets for specific therapeutic approaches. Indeed, receptor kinase-based therapies have attained wide-spread clinical use, for example, in breast cancer (the inhibition of HER2 by Herceptin) [19] , in gastrointestinal stromal tumors (the inhibition of c-Kit by Gleevec) [20, 21] , and in non-small cell lung cancer (the inhibition of EGF receptor by Gefitinib) [22] . Recently, the orally administered multikinase inhibitor sorafenib was found to exert a prominent activity against tumors. Thus, to verify the anticancer mechanism of sorafenib, we performed a series of trials in vitro.
In the present study, we found that sorafenib has a higher IC 50 than that described by wilhelm et al [8] , with IC 50 values of 20 nmol/L against cRAF in vitro under cell-free conditions. However, the drug shows a more potent inhibition of VEGFR-2, at IC 50 =4 nmol/L, than that reported by Wilhelm et al, at IC 50 =90 nmol/L [8] . In addition, RET was significantly inhibited by sorafenib, with an IC 50 =0.4 nmol/L, much lower than the value reported by wilhelm et al, at IC 50 =4 nmol/L. Iván Plaza-Menacho also found that sorafenib inhibited the activity of the purified recombinant kinase domain of widetype RET and the mutant RET V804M , with IC 50 values of 5.9 and 7.9 nmol/L, respectively, which also suggested that sorafenib is an inhibitor of RET [23] . Several therapeutic avenues are available to block the activ- 
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Acta Pharmacologica Sinica npg ity of protein kinases. Drugs that bind reversibly to the ATPbinding site within the kinase domain or to a small pocket that is immediately adjacent to the ATP-binding site are used to block the enzymatic activity of the kinase. Because of similarities within the three-dimensional structure of the kinase domain, ATP-competitive inhibitors can have cross-reactivity with other structurally related kinases. The data obtained in the present study indicate that sorafenib is an ATP-competitive inhibitor of VEGFR2 and RET but not cRAF: sorafenib inhibited the activities of cRAF, VEGFR2 and RET through non-ATP-competitive, ATP-competitive and mixed-type inhibition modes, respectively. In summary, sorafenib could target the ATP-binding site of kinases and inhibit the activity of kinases by different inhibition mechanisms under cell-free conditions. This is a novel discovery, and further studies will be conducted to verify the conclusions.
As different cancers might be regulated by different mechanisms, we selected three cell lines having different metastatic potentials (A549, HeLa, and HepG2). At the transcriptional level, we found that sorafenib could briefly activate RET expression and inhibit VEGFR2 expression independent of the RAF/MEK/ERK pathway in A549 cells; at the post-transcriptional level, sorafenib directly inhibited the phosphorylation of RET and VEGFR2 and blocked the downstream factors of the MEK/ERK pathway. Therefore, we hypothesized that sorafenib inhibited the proliferation of A549 cells through anti-proliferation and anti-angiogenesis processes. Moreover, whereas the anti-proliferation process is a post-transcriptional event, anti-angiogenesis refers to many molecular processes from transcription to post-translational modification. The two kinases RET and VEGFR2 could be the targets of sorafenib treatment, but they may not be the upstream messengers of the MEK/ERK kinases pathway. The downstream signaling molecules of the MEK/ERK kinase pathway are also potential candidates for the sorafenib treatment of lung cancer.
According to the results for HeLa cells, we found that sorafenib could inhibit VEGFR2 expression but had no effect on the RAF/MEK/ERK pathway at the transcriptional level. At the post-transcriptional level, sorafenib directly inhibited RET and VEGFR2 phosphorylation and blocked the downstream factors of the MEK/ERK pathway. Therefore, the mechanism of the sorafenib-mediated inhibition of proliferation in HeLa cells is similar to that of A549 cells. RET, VEGFR2 and the downstream signaling molecules of the MEK/ERK kinase pathway are also important potential targets for sorafenib in the treatment of cervical cancer.
In contrast to the results in the above cell lines, sorafenib inhibited RET expression and activated VEGFR2 expression in the HepG2 cells, with little effect on the RAF/MEK/ERK pathway at the transcriptional level. Moreover, sorafenib targeted the downstream molecules of RET and VEGFR2 and blocked the MEK/ERK pathway by inhibiting ERK phosphorylation at the post-transcriptional level. It is clear that anti-proliferation and anti-angiogenesis pathways are also involved in the response to sorafenib treatment in hepatic cancer. The mechanism, however, differs from lung and liver cancer, which might be attributable to the similar origin of lung and liver tissues.
Our results indicated that sorafenib is an inhibitor of the phosphorylation of protein kinase RET and VEGFR2 under cell-free conditions as well as in A549 and HeLa cells. In HepG2 cells, sorafenib markedly inhibited kinase ERK phosphorylation, though the drug did not exhibit a significant inhibition on the phosphorylation of RET and VEGFR2. In addition, based on the present results, the MEK/ERK kinase signaling cascade is clearly an important effective target pathway for cancer treatment. Therefore, it is confirmed that kinases indeed play crucial roles in the effective mechanism of sorafenib and are important effective targets for specific therapeutic approaches. Moreover, sorafenib inhibited cell proliferation mainly by blocking post-translational modifications, which then regulated the related gene expression via a feed-back mechanism. Interestingly, we found that the two kinases, RET and VEGFR2, displayed similar bimolecular alterations, even though they acted in the reaction to sorafenib treatment through different mechanisms in the three cell lines, a finding that could be explained by the results of mechanism of action (MOA) that sorafenib is an ATP-competitive inhibitor of VEGFR2 and RET. In addition, we hypothesized that RET and VEGFR2 were involved in a similar signaling pathway due to their similar biomolecular alteration in the different cell lines treated with sorafenib.
In summary, we found that sorafenib was effective in inhibiting the proliferation of cancer cells by inhibiting kinases through different competitive mechanisms. The receptor tyrosine kinases RET and VEGFR2 and the MEK/ERK kinase signaling cascade are important targets for cancer treatment with sorafenib, even though these factors participate in different pharmacological mechanisms in different cell lines. Furthermore, according to their similar biomolecular alteration in the different cell lines treated with sorafenib, kinases RET and VEGFR2 may be involved in a similar signaling pathway. Therefore, the present study was consistent with previous results and provided more evidence for kinases as the targets in cancer therapy and partially revealed the pharmacological mechanism, including molecules downstream of the MEK/ ERK kinase pathway and the pathways initiated by RET or VEGFR2, of sorafenib in cancer treatment. However, there are still many aspects of the mechanisms that remain to be elucidated. In future studies, we will perform kinase spectrum screening to identify additional protein kinases involved in the mechanisms of cancer treatment, such as the downstream molecules of the MEK/ERK kinase pathway and the pathways in which RET and VEGFR2 are involved.
